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h i g h l i g h t s
 CPO-27(Ni) is more suitable for energy storage applications with half cycle time more than 30 min.
 CPO-27(Ni) outperformed other adsorbents at low evaporation temperatures.
 Energy recovered from the condenser and the adsorption bed was found to be mostly dependent on the regeneration temperature.
 The energy recovery from condensation and adsorption was independent of the reactor conductance except at small conductance ratio.
 Recirculating the cooling water through the adsorption bed then the condenser was found to deteriorate the recovered energy from condenser 4%.a r t i c l e i n f o
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Characterisationa b s t r a c t
Metal–organic framework (MOF) materials are new adsorbent materials that have high surface area and
pore volume and hence high adsorption uptake. The previous exceptional properties make this class of
materials have a great potential in many applications like cooling, gas separation and energy storage.
However, there is very limited information on the performance of metal–organic framework materials
in energy storage applications and their performance compared to conventional adsorbents. This paper
aims to present an experimental characterisation of CPO-27(Ni) MOF material for water adsorption
and to investigate its viability for energy storage. CPO-27(Ni) (known as MOF-74(Ni)), which is a MOF
material that has high water adsorption capabilities of 0.47 gH2O gads1 and hydrothermally stable and
can be supplied in large quantities. Firstly, the material water adsorption isotherms were predicated
using Materials Studio software via the material structure information and then compared to the exper-
imentally measured isotherms. The experimentally measured isotherms and kinetics were used to model
a double bed adsorption system for energy storage application using Simulink–Matlab software coupled
with Nist RefProp thermophysical routines. Finally, the performance of CPO-27(Ni) was then compared
with silica gel. The CPO-27(Ni) was found to outperform silica gel at long half cycle time (more than
30 min) at low evaporating temperature making it suitable for energy storage applications. The energy
stored in the condenser and the adsorption bed was found to be dependent mostly on the regeneration
and the cooling temperatures. The potential of the energy recovered from the adsorption bed can be
double the one recovered from the condenser. Also, the energy recovery during condensation and
adsorption was found to be independent of the reactor conductance except at small conductance ratio.
Finally, the adsorption unit cooling water flow strategy was found to affect the amount of the energy
recovered as recirculating the cooling water through the adsorption bed and then condenser was found
to decrease the recovered energy from the condenser by 4%.
 2016 Published by Elsevier Ltd.1. Introduction
Thermal energy storage (TES) is considered as an important
technology to utilize the renewable energy and waste heat offering
a great potential for reducing the CO2 emissions and cost reduc-
tion. The most common thermal energy storage methods are theoi.org/
Nomenclature
A area (m2)
C specific heat (kJ/kg)
Dso surface diffusion constant (m2 s1)
Ea activation energy (J mol1)
Hads heat of adsorption (kJ kg1)
Fp particle shape factor
M mass (kg)
m mass flow rate (kg/s)
R universal gas constant = 8.314 (J mol1 K1)
Rp particle radius (m)
T temperature (K)
U overall heat transfer coefficient (Wm2 K1)
xeq equilibrium uptake (kg/kgads)
x instantaneous uptake (kg/kgads)
Subscripts
al aluminium
ads adsorbent, adsorber
chill chilled
cu copper
cond condenser
evap evaporator
des desorber
in inlet
l liquid
out outlet
ref refrigerant
w water
v vapour
2 A. Elsayed et al. / Applied Energy xxx (2016) xxx–xxxsensible heat storage (water tanks) and latent heat storage (ice or
phase change materials). Sensible heat storage systems are based
on the heat exchanging process between energy storage materials
such as oxide ceramics [1], concrete [2] and heat exchange fluid
such as water [1], molten salts [3] or oil [4,5]. To reduce the volume
of sensible thermal storage system and increase the thermal stor-
age efficiency, a high thermal storage capacity (sensible heat
capacity) is required. Latent heat storage systems depends on the
heat charging or discharging during phase change process of the
phase change materials (PCM) such as [CaC126H2O, Paraffin wax
(P116) and Na2SO410H2O] [6]. During the charging the PCM store
the energy, while during the discharging, the PCM crystallizes
delivering the stored energy. Energy storage has been integrated
with PCM and compressed air [7], high-temperature PCM/solar col-
lector, chilled water/low-temperature PCM ground water heat
exchanger [8]. The efficiency of any latent heat storage system
was found to depend on the selection of PCM (depending mainly
on the charging temperature) and geometric design (cylindrical
and rectangular configurations) of the storage system [9–11]. A
large number of researches reviewed the recent work carried out
in the thermal energy storage (TES) technologies and systems
[12], phase change material (PCM), design considerations and per-
formance enhancement techniques [13], performance enhance-
ment in latent heat thermal storage system [14], materials heat
transfer and phase change problem formulation for latent heat
TES system [15] and TES for residential application [16]. However,
the sensible and latent heat storage systems were found to have a
low storage density and long term and long-time storage and unac-
ceptable energy loss [17]. Recently, the sorption phenomenon was
applied for the same purpose as the sensible and latent heat in heat
storage systems. The adsorption heat storage system has numerous
advantages such as the high energy storage density (from the
adsorption bed and the condenser), the long-term heat storage
capability and the flexible working modes. Adsorption thermal
energy storage is considered to be a promising technology that
can provide an excellent solution for long-term thermal energy
storage in a more compact and efficient way. A heat source pro-
motes the dissociation (endothermic process) of a working pair,
whose substances can be stored separately. When they come into
contact again, heat is released (exothermic process). Therefore,
the energy can then be stored with virtually no loss because the
heat is not stored in a sensible or latent form but rather as poten-
tial energy, as long as the substances are kept separate [18]. The
storage density could be increased by improving the mass flow
and the heat conduction of the adsorbent bulk [19].
The main aim of the research in the various adsorption applica-
tions is to develop a compact and efficient adsorption system.Please cite this article in press as: Elsayed A et al. Thermal energy storage using
10.1016/j.apenergy.2016.03.113Those objectives could be realized by using properly designed heat
exchangers [20], cycle operating strategies (mass recovery, heat
recovery, cascading, etc.) [21] and developing adsorbent materials
with high cyclic uptake [22]. The selection of adsorbent material is
considered to be a key factor in the design and manufacturing of
any adsorption system [22–27]. All the reported energy storage
adsorption projects have used conventional adsorbents such as sil-
ica gel and zeolite [25]. Metal–organic framework (MOF) materials
are new porous materials with high surface area, pore size and vol-
ume, and tunable pore geometry thus providing higher adsorption
capacity compared to silica gel and zeolite. Very limited informa-
tion is available on the performance of metal–organic frameworks
material in energy storage applications and their performance
compared to conventional adsorbents which was the motivation
for the authors to hold such comparison. Metal–organic framework
materials are considered to be promising alternative adsorbents for
the conventional zeolites and silica gel. MOFs have been recently
applied for a wide range of applications including gas storage
(methane storage [26] and hydrogen storage [27]). Another
adsorption application, sorption thermal energy storage has been
proposed for different applications including air heating systems
(buildings or radiators) or floor heating systems [28]. Different
materials and composites have been investigated for the sorption
energy storage including silica gel [28], silica gel/calcium chloride
composites [29]. This application exhibits high energy storage
density compared to latent and sensible energy storage where such
systems should be easy to handle, environmentally friendly,
relatively cheap, thermally stable and with a high sorbate uptake.
However, appropriate heat and mass transfer properties must be
applied to ensure the designed output power [30,31].
Different demonstrations of physical adsorption projects were
carried out to investigate the capability of solid–gas adsorption
for energy storage application such as Monosorp and Modestor
[28,30,18,32,33] using conventional adsorbents. In which, the
importance of achieving a good contact between the adsorbent
and the heat exchanger has been mentioned. The particles sizes
that were usually used were smaller than 2 mm, preferably
between 0.2 mm and 0.6 mm for zeolites, silica gel and their
composite-based materials depending on the bed wall thickness.
It has been reported that using adsorbents in the form of pellets
showed bad contact between the heat exchanger walls and the
adsorbent [34]. Finck et al. [35] used zeolite 5 A/water pair for
3 kW h thermochemical heat storage modules for space heating
application. Forty one kgs of zeolite in the form of spheres
(diameter 2–3 mm) were used in a packed bed in the form of
finned heat exchanger, placed in a cylindrical vessel of stainless
steel, 8 heat exchanger blocks with sizes of 1000  300  33 mmmetal–organic framework materials. Appl Energy (2016), http://dx.doi.org/
A. Elsayed et al. / Applied Energy xxx (2016) xxx–xxx 3(height width  depth). The water temperature in the adsorption
bed was raised from 20C to 25C during the release of the energy
stored by adsorption. A temperature difference of 20 K between
the condenser and the adsorption bed temperature was found to
reduce the heat released by adsorption from 3.5 kW h to
2.5 kW h (30% less energy released). Decreasing the evaporation
or increasing the adsorption temperature was found to decrease
the energy stored by 16% per 5C and 20% per 10C temperature
change, respectively in open adsorption systems using calcium
chloride as an adsorbent with an energy density of 1 kJ/g
(277W h/kg) [36]. Janchen and Stach [37] tested different types
of zeolites where the energy density was found to be in the range
of 160 W h/kg. Marie et al. [38] developed a fluid dynamic model
for the charge/discharge process including the four cyclic processes
of charging/discharging conditions with a half cycle time of 4 h. Li
et al. [39] studied an energy storage system based on SAPO-34 as
the adsorbent material; an energy density of 230 W h/kg was
reported. Another adsorption system using water as the adsorbate
and MIL-101(MOF material) as the adsorbent has been reported by
Henninger et al. [40]. Additionally, they investigated different
structured materials including classical zeolite, metal–organicFig. 1a. Crystal structure of CPO-27(Ni), the adsorbed water molecules, 2,5
Dihydroxyterephthalic acid as the organic linker and nickel nodes. (H, O, C, Ni are
in white, red, grey and violet respectively). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
Fig. 1b. Experimental and simulate
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18). Henninger and co-authors showed that the water adsorption
capacities of MIL-100 and MIL-101 types surpassed those of any
conventional adsorbent material. However, these exceptional
compounds are synthesized only on a lab scale and are difficult
to be mass produced which is not the case with CPO-27(Ni) as it
is mass produced by Johnson Matthey, UK. As mentioned before,
the reviewed research has limited information on the performance
of metal–organic framework materials in energy storage applica-
tions and their performance compared to conventional adsorbents.
Based on the authors knowledge the working pair of (CPO-27(Ni)/
water) has not been investigated for energy storage application in
any previously published articles. The current research focuses on
improving the energy density based on operating conditions and
cooling water flow strategies. The CPO-27(Ni) was found to outper-
form silica gel and even other MOF materials such as MIL-100 and
MIL-101 at low evaporation temperatures (<7C). At higher evapo-
ration temperatures, the material exhibited an energy density of
170W h/kg where long cycle time of more than 30 min is recom-
mended in energy storage applications. Also, it found that the
potential of energy recovered from the adsorption bed is double
that recovered from the condenser. Finally, a comparison between
two cooling water flow strategies concluded that recirculating the
cooling water through the adsorption bed and then the condenser
decreased the recovered energy from the condenser by 4%.
2. CPO-27(Ni) characterisation
For adsorption based energy storage, the system modelling and
the characteristics of CPO-27(Ni) should be determined. These
characteristics include the material structure, the water adsorption
isotherm and kinetics, the hydrothermal stability and the heat of
adsorption. These are described in the following sections.
2.1. Structure analysis
The powder X-ray diffraction (PXRD) patterns of the CPO-27(Ni)
powder was measured using Siemens DIFFRACplus 5000 powder
diffractometer with Cu Ka radiation (1.54056 Å). Each sample
was scanned from 5 to 80 2h, with a step size of 0.02 at 2
step/s. The sample was spun at 30 rpm. The sharp peaks of the
CPO-27(Ni) pattern highlight its high crystallinity. Materials Studio
software has been used to simulate the XRD and adsorption iso-
therm based on the crystal structure of the material. Fig. 1a shows
the crystal structure of CPO-27(Ni), organic and inorganic Second-
ary Building Units (SBUs). The material has a honeycomb-like net-
work with 1D pore structure. Fig. 1b shows the measured XRDd XRD patterns of CPO-27(Ni).
metal–organic framework materials. Appl Energy (2016), http://dx.doi.org/
Fig. 1c. Particle size distribution analysis of CPO-27(Ni).
Table 1
Pore structure of CPO-27(Ni).
Surface area (m2/g) Total pore volume (cm3/kg) Pore mean diameter (nm)
299 217 0.7
Fig. 2. Pore size distribution of CPO-27(Ni).
4 A. Elsayed et al. / Applied Energy xxx (2016) xxx–xxxpattern compared to that predicted from the Materials Studio soft-
ware where good agreement could be observed.
The particle size of CPO-27(Ni) was measured through a vibrat-
ing sieving facility, it was found to be between 125 lm andFig. 3a. Water adsorption isotherms for C
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size distribution as shown in Fig. 1c showing that bimodal size dis-
tribution could be divided into two populations which suggests
that after the mechanical sieving, the CPO-27(Ni) sample still con-
tained a portion of fine particles. The sample showed a VMD (D10–
D90%) of 205.0 ± 62.2 lm (1.1 ± 0.0–633.8 ± 207.7 lm) that fell
between the nominal sieve size ranges, i.e., 125–355 lm, suggest-
ing that the applied sieving process was satisfactorily efficient.
Using Pelsorb test facility, Table 1 shows the specification of
surface area using Brunauer–Emmett–Teller (BET) method. Micro-
pore (MP) method was used to calculate the pore size distribution.
Each sample of about 50–100 mg was degassed under vacuum
(about 5 lm Hg) and at T = 353 K for 2 h. It is observed from
Fig. 2 that the peak volume distribution appears to be less than
1 nm which means the material has a micropore structure.
2.2. Water adsorption isotherms
Adsorption isotherms and kinetics are required to predict the
water uptake at various operating conditions. The water adsorp-
tion characteristics were measured using a Dynamic Vapour
Adsorption analyser (DVS) (Advantage DVS, Surface Measurement
Systems, UK). Fig. 3a shows the adsorption isotherms of CPO-27
(Ni) and silica gel-RD at 25C, it is observed that CPO-27(Ni) has
a higher uptake especially at low pressure ratio compared to silicaPO-27(Ni) and silica gel-RD at 25C.
metal–organic framework materials. Appl Energy (2016), http://dx.doi.org/
Fig. 3b. Water adsorption isotherms of CPO-27(Ni) at different temperatures (25C,
35C and 55C).
Fig. 4. Performance cyclic analysis (adsorption/desorption cycles) of CPO-27(Ni) at
55C.
Fig. 5. Proposed isotherm model fitting of water adsorption on CPO-27(Ni).
Fig. 6. Fractional uptake of CPO-27(Ni) at 25C (P/Ps = 0.05 and 0.1) and at 55C (P/
Ps = 0.05 and 0.1).
A. Elsayed et al. / Applied Energy xxx (2016) xxx–xxx 5gel. The steep profile of CPO-27(Ni) is preferable especially for
adsorption systems that work at low ambient temperatures. Addi-
tionally, the water adsorption isotherm was predicted through
Materials Studio software showing once again good agreement
between the experimentally measured and the simulated iso-
therms. From the figure, CPO-27(Ni) exhibited a type I adsorption
isotherm reaching 81% of its night capacity at a very low relative
pressure and then a plateau reaching its maximum uptake of
0.47 gH2O gads1 at a relative pressure of 0.9. This performance is
due to the presence of unsaturated metal centres (UMCs) existing
in this MOF structures. UMCs are metal binding sites formed after
the removal of axial ligands from metal atoms (Fig. 1a) attracting
water molecules and offering extra binding sites to the guest mole-
cules, especially at low pressure values. On the other hand, the
strong interaction between the water molecules and these sites
requires a higher desorption temperature. Fig. 3b shows the effect
of the isotherm temperature on the uptake capacity of the mate-
rial. The material was found to possess a stable performance and
exhibit the same water uptake under the investigated tempera-
tures (25C, 35C and 55C).
In order to investigate the hydrothermal stability of the mate-
rial, it was exposed to five successive water adsorption/desorption
cycles at 55C using DVS test facility as shown in Fig. 4. It is clear
that the material exhibits a stable performance over the cycles.
This highlights the high thermal stability of the material. Such per-
formance is advantageous over other metal–organic framework
materials such as MIL-100 and HKUST-1 where the uptake was
found to decrease after the first cycle.
The experimental data has been fitted to adsorption potential
using Dubinin–Astakhov equation as shown in Fig. 5; such fittingPlease cite this article in press as: Elsayed A et al. Thermal energy storage using
10.1016/j.apenergy.2016.03.113between uptake (x) and adsorption potential (A) (as shown in Eq.
(1)) is required for the performance modelling of the adsorption
heat storage system.
x ¼ 0:462248  exp  A
10019:2
 4 !
ð1Þ
2.3. Adsorption kinetics
The adsorption kinetics or the rate of adsorption was repre-
sented in Fig. 6 showing the water fractional uptake of CPO-27
(Ni) versus time at two different temperatures (25C and 55C)
and two relative pressures (0.05 and 0.1). This data was fitted in
the form of Eq. (2) to predict the adsorption rate as:
dx
dt
¼ k0  exp  EaRT
 
 ðxeq  xÞ ð2Þ
where k0 was found to be 5.108 [1/s] and Ea is 25125.93 [J/mol], the
highest deviation between the experimental data for both materials
and the proposed model did not exceed 7%. It could be observed
that the higher the temperature, the shorter the time required to
reach full capacity of the material at certain condition. Also, lower
partial pressure requires longer characteristic time to reach the full
capacity. i.e., a smaller adsorption rate constant and a slower
adsorption process.
2.4. Heat of adsorption
The measured isotherms were used to plot the pressure,
temperature, concentration diagram (P–T–X), and the heat of
adsorption was calculated using Eq. (3) as:metal–organic framework materials. Appl Energy (2016), http://dx.doi.org/
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@ 1T
  ð3Þ
The heat of adsorption was calculated to be 2626 kJ/kgads.
3. Dynamic modelling
The predicted isotherms and kinetics of the MOF material was
incorporated in a SIMULINK model developed by Elsayed et al.
[41] to compare the performance of CPO-27(Ni) and silica gel-RD
under transient operation. The adsorption/desorption rate has
been modelled using the linear driving force theory Eq. (4). Eqs.
(5)–(13) describe the thermodynamic model of the adsorption/des-
orption in the adsorption bed, the mass balance equation of the
evaporator, the heat balance equation for the evaporator, the heat
balance equation of the condenser and finally the heat balance
equation for the adsorption bed.
dx
dt
¼ FpDso
R2p
 exp  Ea
RT
 
 ðxeq  xÞ ð4Þ
The overall mass balance recirculated in the chiller:
dMref ;evap
dt
¼ Mads dxdesdt Mads
dxads
dt
ð5Þ
The adsorption/desorption temperature was predicted using
the energy balance as:
MadsðCads þ xCref ;vÞ þMcu;adsCcu;ads þMal;adsCal;ads
 dTads
dt
¼ MadsHads dxdt þm

wCwðTw;in  Tw;outÞ ð6ÞFig. 7a. Arrangement of chiller compone
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logarithmic mean temperature:
Tw;out ¼ Tads þ ðTw;in  TadsÞ exp UadsAadsmwCw
 
ð7Þ
The evaporation temperature was calculated as (Akahira et al.
[42]):
Mref ;evapCref ;l þMcu;evapCcu;evap
 dTevap
dt
¼  Mads dxadsdt
 
hfg
MadsCref ;lTcond dxdesdt þm

chillCwðTchill;in  Tchill;outÞ
MadsCref ;vTevap dxadsdt ð8Þ
The chilled water outlet temperature was calculated as:
Tchill;out ¼ Tevap þ ðTchill;in  TevapÞ exp UevapAevapmchillCw
 
ð9Þ
The condenser energy balance (Akahira et al. [42]):
Mcu;condCcu;cond
  dTcond
dt
¼  Mads dxdesdt
 
hfg þMadsCref ;lTcond dxdesdt
þmcoolingCwðTcooling;in  Tcooling;outÞ MadsCref ;vTcond
dxdes
dt
ð10Þ
The cooling water outlet temperature was calculated as:
Tcooling;out ¼ Tcond þ ðTcooling;in  TcondÞ exp UcondAcondmcoolingCw
 !
ð11Þ
The cooling capacity and COP were calculated as:nt in Simulink simulation interface.
metal–organic framework materials. Appl Energy (2016), http://dx.doi.org/
Fig. 7b. Validation of transient Simulink model.
Table 2
Validation cycle standard rating condition (dimensions of the unit [43]).
Physical parameter Value Units
Chilled water supply 14 C
Hot regeneration water 85 C
Cooling water 31 C
Chilled water flow rate 0.7 kg/s
Hot water flow rate 1.3 kg/s
Condenser cooling water flow rate 1.3 kg/s
Adsorption bed cooling water flow rate 1.6 kg/s
Half cycle time 420 s
Switching time 30 s
A. Elsayed et al. / Applied Energy xxx (2016) xxx–xxx 7Qevap ¼
mchillCw
R tcycle
0 ðTchill;in  Tchill;outÞdt
tcycle
ð12Þ
Qhot ¼
mhotCw
R tcycle
0 ðThot;in  Thot;outÞdt
tcycle
ð13Þ(a) Silica gel (half cycle time of 630 sec)
(c) Silica gel (half cycle time of 3600 sec)
Fig. 8. Energy distribution during cooling and storage mode (Tcooling = 31C, Treg = 100C, T
time). (c) Silica gel-RD (3600 s half cycle time). (d) CPO-27(Ni) (3600 s half cycle time).
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The layout arrangement of the Simulink model used to solve the
system of the previous ordinary differential equations representing
the transient thermal analysis of adsorption system is shown in
Fig. 7a. The model was validated through the comparison with
the experimental data previously published by Saha et al. [43] as
shown in Fig. 7b. From the figure, it can be seen that the model suc-
cessfully predicated the reported data with a deviation not exceed-
ing 5%. After the validation, the same model was used to predict
both the adsorption and condensation energies that could be use-
fully stored in case of CPO-27(Ni) and silica gel in energy storage
application. The operating conditions for the energy storage sys-
tem are summarized in Table 2 where the heat recovered from
the condenser and adsorption bed are the main targets.
The energy distribution for both cooling and heating which
could be recovered from the evaporator, the condenser and the
adsorption bed for both materials (silica gel and CPO-27(Ni)) at dif-
ferent half cycle times is represented in Fig. 8. It is evident that for
short half cycle time (360 s), the silica gel was found to outperform
the CPO-27(Ni), this is attributed to the slower kinetics of the CPO-
27(Ni). Silica gel had an average cyclic adsorption heat of 33 kW
and a condensation heat of 10 kWwhile CPO-27(Ni) has an adsorp-
tion heat of 21 kW and a condensation heat of 3 kW. At longer half
cycle times (3600 s), silica gel and CPO-27(Ni) had similar energy
recovery from the condenser and the adsorption bed. The energy
that can be stored from the adsorption process was 8 kW and from
the condensation was 3 kW, such amount of heat can be utilized
for the heating of buildings where desorption process can be per-
formed using cheap night electricity and the adsorption heat is
extracted during day time. Such analysis gives an indication of
the effect of the operating time on energy storage performance
and the expected performance of CPO-27(Ni) MOF material in
comparison to other adsorption materials. This analysis proves that
CPO-27(Ni) is more suitable for longer cycle times.(b) CPO-27(Ni) (half cycle time of 630 sec)
 (d) CPO-27Ni (half cycle time of 3600 sec) 
chilled = 14C). (a) Silica gel-RD (630 s half cycle time). (b) CPO-27(Ni) (630 s half cycle
metal–organic framework materials. Appl Energy (2016), http://dx.doi.org/
Table 3
Energy storage density of different adsorbents in TES application.
Material Ref. Charging
temperature (C)
Energy storage
density (W h kg1)
CPO-27(Ni) Current study 100 170.2
Silica gel-RD Current study 100 180.85
Zeolite-13X [25] 220 306.45
Zeolite-5A [35] 103 63.4
Zeolite-13X [44] 180 149
SWS-1L [45] 90 132
Ref. 25 
Ref. 35 
Ref. 44 
Ref. 45 
0
50
100
150
200
250
300
350
CPO-27(Ni) Silica gel-RD Zeolite 13X zeolite 5A Zeolite 13X SWS-1LEn
er
gy
 s
to
ra
ge
 d
en
si
ty
 fo
m
 a
ds
or
pt
io
n 
be
d 
(W
h 
kg
-1
) 
Fig. 9. Energy storage density of various adsorbents.
Fig. 10a. Heat recovery from adsorption bed in CPO-27(Ni) system at Tchilled = 20C
(half cycle time 1 h).
Fig. 10b. Heat recovery from condenser in CPO-27(Ni) system at Tchilled = 20C (half
cycle time 1 h).
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10.1016/j.apenergy.2016.03.113The energy density of the two materials (CPO-27(Ni) and silica
gel-RD) was compared to the energy density of other materials
used previously by other researchers. The materials and the charg-
ing temperatures used are listed in Table 3. It can be seen from
Fig. 9 and Table 3 that CPO-27(Ni) outperformed other materialsFig. 10c. Effect of evaporation temperature on the performance of CPO-27(Ni) (half
cycle time 1 h, Tcooling = 31C and Treg = 90C).
Fig. 10d. Effect of evaporation temperature on the performance of CPO-27(Ni) and
silica gel-RD (half cycle time 1 h, Tcooling = 31C and Treg = 90C).
Fig. 11. Effect of heat exchangers conductance on recovered condenser energy
(Tchilled = 20C, Treg = 90C, Tcooling = 31C and half cycle time 1 h).
metal–organic framework materials. Appl Energy (2016), http://dx.doi.org/
A. Elsayed et al. / Applied Energy xxx (2016) xxx–xxx 9Zeolite 13X [44], SWS-1L [45], Zeolite 5A [35]. CPO-27(Ni) was only
surpassed by Zeolite 13X [25] which can be attributed to the high
charging temperature used in that study.
Figs.10a and 10b show the effect of the cooling water tempera-
ture of the condenser and the adsorption bed on the amount of the
energy that can be stored using CPO-27(Ni). The effect of the
regeneration temperature was also shown in both figures. At a con-
stant regeneration temperature, it can be noticed that decreasing
the cooling water temperature gives a higher amount of energy
from the condenser and the adsorption bed. For the condenser,
decreasing the cooling water temperature leads to the decrease
partial pressure ratio between condenser and desorber resulting
in the cyclic water vapour uptake which increases the adsorbate
water circulated and hence a higher amount of energy generated
from the condenser. For the adsorption bed, decreasing the cooling
water temperature allows a higher relative pressure in the bed and
hence a higher water vapour uptake that eventually would(a) Flow 
(b) Flow 
Fig. 12. Different cooling
Please cite this article in press as: Elsayed A et al. Thermal energy storage using
10.1016/j.apenergy.2016.03.113increase the amount generated form the bed due to the adsorption
process. The figure also shows that a constant cooling water tem-
perature, using a higher regeneration temperature enhances the
amount of energy that can be stored and that is due to the higher
amount of refrigerant that can circulate through the cycle.
Fig. 10c shows the effect of the chilled water inlet temperature
on the performance of the energy storage system using CPO-27
(Ni). Generally, increasing the evaporation temperature would
increase the amount of heat that can be extracted from the adsorp-
tion bed and the condenser. This can be attributed to that by
increasing the evaporation temperature would increase the water
uptake and hence increase the water circulated in the system.
The slight increase in the heat generated which can be stored is
due to that the material exhibits a type I that has a very slight
dependency on the evaporation temperature. The independency
of CPO-27(Ni) on the evaporation temperature is considered as a
remarkable advantage allowing it to work on applications with astrategy 1
strategy 2
water flow strategies.
metal–organic framework materials. Appl Energy (2016), http://dx.doi.org/
Table 4
Energy distribution with different strategies (Tcooling = 31C, Treg = 100C, Tchilled = 14C, and half cycle time = 3600 s).
Qadsorber (kW h) Qcondenser (kW h) Condenser mass flow (kg/s) Adsorber mass flow (kg/s) Total energy recovered (kW h)
Concept 1 7.8296 3.5581 1.3 1.6 11.3877
Concept 2 7.8129 3.4376 1.3 + 1.6 11.2505
Fig. 13. Inlet and outlet cooling water temperatures from condenser for both cooling water flow strategies.
10 A. Elsayed et al. / Applied Energy xxx (2016) xxx–xxxmuch wider range of evaporation temperature than other MOFs
such as MIL-100 and MIL-101 which require high evaporation
temperatures.
A comparison between the silica gel and CPO-27(Ni) at different
evaporation temperatures was held. Fig. 10d shows that an evapo-
ration temperature of 7C, the two materials have the amount of
heat that can be stored. At lower evaporation temperatures, the
CPO-27(Ni) surpass the silica gel-RD due to that the material exhi-
bits a type I water adsorption isotherm reaching 81% of its capacity
at a very low relative pressure corresponding to low evaporation
temperature. This shows that CPO-27(Ni) is more suitable than sil-
ica gel-RD for energy storage applications with low evaporation
temperatures while silica gel is more appropriate at evaporation
temperatures higher than 7C at the investigated adsorption and
regeneration temperatures.
Fig. 11 shows the effect of the adsorption bed size on the energy
stored by changing the conductance of reactors relative to initial
design. It was found that oversizing the adsorption units is not
beneficial in recovering any additional energy and also a larger unit
volume and a higher cost are expected. Also, it was observed that
the energy recovered from the adsorption bed is double that from
the condenser.
Regarding the flow strategy of the cooling water and its effect
on the performance of the system, Fig. 12 shows the conventional
flow strategy 1, where cooling water is divided between the con-
denser and the adsorption bed simultaneously. In flow strategy 2,
the cooling water enters the adsorption bed first and then goes
to the condenser. Table 4 shows that strategy 2 where the cooling
water is circulated through the adsorption bed and then the con-
denser was found to decrease the recovered energy from the con-
denser by 4%. The difference between the cooling water inlet and
outlet temperatures from the condenser for both designs is shown
in Fig. 13. As it can be seen, the logarithmic mean temperature dif-
ference in the first design is higher than in the second one. This is
due to that the cooling water temperature entering the condenser
is lower in the first case so the rate of the heat transfer is higher
compared to the second one. This will permit a higher amount of
energy to be extracted from the condenser. This difference high-
lights the potential of the importance of the water circulation
scheme in energy storage application.Please cite this article in press as: Elsayed A et al. Thermal energy storage using
10.1016/j.apenergy.2016.03.1135. Conclusions
Many studies have been done regarding energy storage applica-
tions; most of themwere utilizing conventional adsorbents such as
zeolites. Metal–organic frameworks are novel materials that offer a
great potential for sorption energy storage and cooling applica-
tions. A detailed characterisation of CPO-27(Ni) MOF material
was performed in terms of particle size, surface area, SEM, XRD
and water adsorption characteristics. The XRD pattern and water
adsorption isotherms were predicted using Materials Studio soft-
ware. The measured data were used in Simulink/Nist refprop plat-
form to model a two-bed adsorption system where the amount of
energy recovered from the adsorption bed and the condenser were
determined. The CPO-27(Ni) was found to exhibit an energy den-
sity of 170W h/kg (charging temperature of 100C and half cycle
time of 3600 s) where long cycle time of more than 30 min is rec-
ommended in energy storage applications. The potential of energy
recovered from the adsorption bed is double that recovered from
the condenser. Oversizing the adsorption bed was found to be
not beneficial in recovering any additional energy but leads to an
increase in the cost. Finally, recirculating the cooling water
through the adsorption bed and then the condenser was found to
decrease the recovered energy from the condenser by 4%.Acknowledgements
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